We demonstrated rapid prototyping of templates for replica molding using a conventional laser printer. A polymer, polydimethylsiloxane, was cast directly on the transparency templates to make the replicas. The templates and replicas were characterized by scanning electron microscopy, profilometry, and optical microscopy. Four patterns, including an Electronic Industries Association resolution test pattern, were printed on transparencies at 600 dots per inch on a HP LaserJet 4M printer (Hewlett-Packard, Palo Alto, CA). Optimal precision and clarity occurred between intensity settings of 50-100. Mean pattern height/depth ranged from 8-13 m, and width was as small as a few tenths of a millimeter. Mean surface roughness of the template patterns ranged from 1 to 4 m on the top surface and from 5 to 10 nm on the bare transparency surface. This method provides access to microfabricated patterns for the broader research community without the need for sophisticated micromachining facilities.
The interest in miniaturized systems for biochemical analysis and biomedical research continues to grow rapidly. Devices commonly referred to as micro total analytical systems (TAS) have been reported for a diverse range of applications, such as the determination of monoclonal antibodies, 1 the determination of phosphate 2 and nitrite, 3 and for high-speed DNA sequencing. 4 The application of similar devices to cell culture and cell mechanics 5 is also expanding to include the geometric control of cell shape, 6 orientation, and gene expression, 7 as well as the adhesion of neurons 8 and growth cone guidance. 9 The devices themselves usually require photolithographic microfabrication techniques to produce them since conventional machining will not provide sufficiently small devices (colloquially referred to as chips). A review by Madou provides information relating to all aspects of microfabrication. 10 Chip-based devices manufactured from glass are perhaps the most widely used in part because of the versatility and chemical resistivity of glass, the relatively straightforward fabrication, and the ease of optical detection in glass devices. However, a major problem frequently encountered by researchers without specialized facilities is how to produce prototype devices rapidly and at a realistic cost. This paper describes a practical method for the fabrication of templates, stamps, or molds using a laser printer with resolution of 600 dots per inch (dpi) or greater and solvent-free transparency film as a substrate (Fig. 1) . The overall time from a computer design to a micropatterned surface is 14-24 h, most of which is for curing the polymer. No access to spin coaters, ultraviolet radiation, or tools normally found in the semiconductor process is required, significantly reducing the cost and complexity of microengineering and micropatterned polymer surfaces. Laser 11 and ink-jet printers 12 are increasingly being used in production technologies for devices such as biosensors 13 and biomaterials. 14 The pattern resolution of the output produced by laser printers is dependent on toner particle size distribution and many other factors, e.g., the template transfer efficiency, melting, spreading, and of course the surface properties of the paper or transparencies used. For most printers, this corresponds to the maximum number of dots per inch.
Two laser printing processes are used commercially. The standard for most desktop printers (including the HP LaserJet 4M, Hewlett Packard, Palo Alto, CA) is the "write black" process, although some printers and most copiers use the "write white" process. 15 In the "write black" process, every spot illuminated by the laser on the print drum will be black on the print media. At each point the laser or light emitting diode array illuminates the photoconductive drum, the electrostatic charge is changed from negative to positive. As the drum continues to rotate it passes the toner cartridge that contains negatively charged finely divided toner powder, which is electrostatically attracted to the positive regions on the drum. As the paper in contact with the drum rotates, the toner is transferred to it. The paper then passes between the fusing rollers that are heated to soften lowmolecular polymers in the toner and bind it to the paper.
Pattern height and aspect ratio is determined by the intensity setting on the printer, which controls the pattern charge on the drum. Pattern roughness is determined by toner particle size and fusing.
Several micropatterned polydimethylsiloxane (PDMS) substrates were produced and analyzed. Test patterns were designed with computer graphics software (Claris Draw 5.0, Claris Corp., Sunnyvale, CA) as shown in Figs. 2(a)-2(c) . An EIA resolution test pattern [ Fig. 2(d) ] was also used to test pattern blur and continuity. 16 The pattern designs were then printed onto 3M (solvent free) laser color printer film using a HP LaserJet 4M printer (St. Paul, MN). PDMS was cast directly onto the transparency template after being blown dry under nitrogen gas for 5 min. The replicas were prepared from a mixture 9:1 vol% of Sylgard 184 elastomer and curing agent (Dow Chemical, Midland, MI). The mixture was then poured over the transparency templates in a glass dish and cured at room temperature for 14 h under reduced pressure to remove any air bubbles generated during mixing. The stamps were carefully removed from the master mold using a scalpel. The stamps were cleaned by vortexing in distilled water and then ethanol (95%) for 10 min each and dried under a stream of nitrogen gas.
The transparency templates and PDMS replicas were analyzed by several techniques. Bright field images were captured using an Olympus BH-2 Epifluorescent Microscope (Melville, NY) with a 10× objective and a high-resolution digital camera. Scanning electron microscope (SEM) images were obtained using a Hitachi S-4000 FE-SEM (San Jose, CA). This instrument has a maximum resolution of 1. Rapid Communications using a Digital Multimode 3000 (Digital Instruments, Santa Barbara, CA) were also performed and confirmed the profilometer surface roughness measurements. The transparency templates were stored in a laminar flow hood and blown clean with nitrogen gas prior to profilometric analysis.
The effect of print darkness settings on print quality is illustrated in Fig. 3 . Micrograph 3(a) shows that at a higher print darkness setting (higher toner concentration), pattern blur occurs as larger amounts of toner are added per unit surface area. At intermediate print darkness settings 50 [ Fig. 3(b) ] and 100 [ Fig. 3(c) ] optimal precision and image clarity occurs. As observed in the image [ Fig. 3(d) ] at a low print darkness setting (150), the pattern begins to lose precision and break up as too little toner is used per unit surface area. At a setting of 200 [ Fig. 3(e) ] the clarity of the pattern is further degraded.
A SEM image of the ring pattern from Fig. 2(a) is shown in Fig. 4(a) . It consists of a 600-m-wide toner band with irregular morphology on the surface and at the inner and outer edges of the band. The mean height of the pattern (11 m) can be controlled only within a narrow range by the printer darkness settings on this printer without affecting pattern resolution. The mean surface roughness of the ring pattern is 1.2 m, as determined by surface profilometry [Fig. 4(b) ]. The top surface Fig. 5(a) of the ring pattern contains pockets and cavities but is, as would be expected, more homogeneous than the edges The minimum particle size and pattern roughness is determined from the toner particle size and/or particle fusion during the heating cycle. In Fig. 6(a) , a profile of the "low density dots" template [pattern Fig. 2(b) ] shows a surface topography that consists of a lattice structure with a average height of 7 m, width of 380 m, a pattern surface roughness of 2.5 m, and a transparency surface roughness of 10 nm. These templates produced in the replicas an array of microwells [ Fig. 6(b) ] separated by 290 m borders of unpatterned PDMS with nanoscale surface roughness similar to the transparency films. The "high density dot" templates [ Fig. 2(c) ] and replicas were very similar except that slightly deeper microwells were produced (8 m) with mean bottom surface roughness of 2 m and top (unpatterned surface) roughness of 5 nm.
In conclusion, we demonstrated a practical method for rapid production of replica molding templates using laser printer transparencies as templates for soft lithography. This method requires no specialized microlithographic equipment or cleanroom facilities. The PDMS replicas directly cast on the laser printed templates accurately reproduce the laser printer resolution and pattern surface topography. The major disadvantages of the present method are a poor resolution and a lack of control over the depth of the patterns. However, this is a useful technique to generate microstructures with a resolution appropriate for use in bioanalytical devices or as cell culture substrata. For example, we recently investigated the influence of substrate surface structure on epithelial cell adhesion and spreading using the described technique. 17 We were able to show that cellular responses to surface topography depend both on cell phenotype and microtexture of the surface in the absence of extracellular matrix proteins. In other reports, a high-resolution printer was shown capable of generating 20 m patterns with good quality. 11, 18, 19 Such resolution 18 is sufficient for many applications in biotechnology and tissue engineering where the ability to fabricate confined areas of micron scale surface roughness is desired. On the other hand, the major advantages of the method are its very low cost, versatility, ease of use, rapid turnaround time, and pattern resolution and roughness suitable for the production of substrates for cell growth and bioassays.
